Combustion of a single fuel droplet has long been studied because it establishes the background of understanding the behavior of spray combustion. Ignition is the most critical process during its life time. According to a practical ignition criterion, many parametric studies are performed to examine the effects on ignition under different droplet conditions and different ambient conditions. In addition, two liquid-phase models, infinite conductivity model and conduction limit model, are discussed to demonstrate the heating effect of droplet itself. Dual-period concept is introduced to clarify the dominant factor that governs the ignition process. A special hybrid numerical scheme, ICED-ALE, is used to resolve the difficulties arising from the rapid transition of ignition and regression behavior of a fuel droplet. The numerical predictions show good agreement with the experimental data. 
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INTRODUCTION
Droplet combustion is a problem involving both transport processes with phase change and complex chemicallyreacting flow. Furthermore, the droplet combustion theory definitely builds up the background for analyzing spray combustion phenomenon. The processes leading to the combustion of a fuel droplet include initial transient heating of the fuel droplet, vaporization of the fuel, mixing of the fuel vapor with the ambient oxidizer, ignition of this mixture and establishment of an envelope flame around the droplet. Ignition process is the most critically transient step during the droplet's lifetime, and it affects the performance of combustion engines. What kinds of effect of the ambient conditions and the droplet conditions on ignition is the primary goal the authors wish to attain.
In retrospect of the history of fuel droplet study from the theoretical view point, most of the existing studies have been based on the so-called quasi-steady approximation with assumptions of spherical symmetry and thin flame surface, see Fig. 1 . Godsave(1953) and Spalding(1953) formulated the basic droplet combustion model for a mono-component droplet in a stagnant, oxidizing environment on the quasisteady approximation. This model has been termed the d 2 -law because it predicts that the square of the droplet diameter decreases linearly with time. Tarifa et al. (1962) , Peskin and Wise (1966) carried out the analysis of the ignition, flame propagation and extincton of a mono-propellant based on the quasi-steady assumption. In 1970s, Law (1965) applied asymptotic theory with the quasi-steady and large activation energy assumptions to construct the ignition-extinction S-curve and built the fundamental scheme for analyzing the ignition of liquid fuel droplets. Later, Law (1976) brought the transient droplet heating process into consideration and began to pay attention to the unsteadiness nature of droplet combustion. Crespo and Linan (1975) presented an asymptotic analysis taking into account the unsteady effects in the gas phase. They claimed that corrections due to unsteady effect to the quasi-steady theory are of the order of the square root of their perturbation parameter which is defined as the ratio of density of the ambient gas to that of the liquid. Bloshenko et al.(1973) and Birchley and Riley (1977) calculated the unsteady equation set numerically and examined the transient phenomenon, but various effects on ignition time were not given. In 1984 , Aggarwal (1985 studied the effects of internal heat transfer models on the ignition of a fuel droplet. He concluded that for spherical symmetric situation without significant liquid motion,the conduction-limit model is recommended for predicting ignition times. In 1984, Pindera and Brzustowski (1984) proposed an application of stability theory and based on that concept the ignition can be thought of as a rapid transition between quasi-steady evaporation and quasi-steady combustion . Such method simplified the sensitivity analysis. Recently, Mawid and Aggarwal (1989) extended the theory deduced by Law to investigate the chemical kinetics effects on the ignition of a fuel droplet. They represented chemical reaction by an irreversible, Arrhenius rate law of non-unity reaction order.
This study provides several important results for clearly understanding the transient combustion phenomena of fuel droplets prior to extinction. Topics discussed here include droplet heating, evaporation, ignition and self-sustained burning with the assumption of one-step irreversible chemical reaction. Special efforts are made to obtain the comprehension of various effects on the ignition delay time, such as dualperiod ignition concept, etc.. Two liquid-phase heat transfer models are also examined for their influences on droplet heating and ignition time .
A particular numerical scheme named ICED-ALE method is applied to solve the full set of time-dependent partial differential equations. Such a numerical approach makes a complete parametric study possible and easy. The numerical solution of the droplet evaporation demonstrates good similarity with d 2 -law except in the begining of its life time, and the predictions of ignition time also show satisified agreements with the existing experimental data.
THEORETICAL ANALYSIS
Theoretical approaches can be divided into two categories by the treatment of time dependence. They are quasi-steady and transient approaches. The assumption of gas-phase quasi-steadiness is based on the reason that gasphase transport occurs at rates much faster than those of the condensed phase, so that the droplet is vaporizing or burning in a steady environment. The success of this assumption rests on the satisfactory prediction of the mass burning rate and the d 2 -law as those have been observed experimentally. However, this assumption will inevitablly break down at larger distance where the characteristic gasphase flow time becomes comparable to the characteristic surface regression time. Quasi-steady assumption also fails in the initial period of droplet's life time when variation in droplet temperature might be serious. Thus, there appears to be a basic inconsistency in conducting a quasi-steady ignition analysis.
Corrections to the quasi-steady theory are found to be of the order of the square root of the density ratio between gas and liquid. Chao et al. (1985) stated that increasing unsteadiness delays and possibly inhibits droplet ignition, thus the ignition criterion obtained by quasi-steady theory is the most loose criterion that permits ignition. The result of this fact is that the ignition delay time predicted by the quasi-steady theory is shorter than predicted by the transient theory. It is believed that the latter one is much more reliable since the ignition process is essentially transient.
The subject concerned here is a fuel droplet suddenly introduced into a stationary, high temperature, oxidizing environment with or without fuel vapor existing in the ambience. The classical model of a single droplet combustion is illustrated with Fig. 1 . All the theoretical analysis in the following sections is based on the assumptions of spherical symmetry, no spray effect, negligible Soret-Dufor effect, ideal gas, and irreversible, one-step chemical reaction.
Governing Equations
The properties of gas phase are governed by a set of governing equations which are time dependent and spherical symmetry spatially.
Continuity 
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The thermal and caloric state equations are:
and the species specific enthalpy of ideal gas component is
The general form of the chemical source term in the species continuity equation of a general chemical reaction
where w is the chemical reaction rate of concerned reaction and is written by Arrhenius rate law. 
Initial and Boundary Conditions
The initial and boundary conditions prepared for solving the gas-phase equations are presented as followed. The initial conditions when t = 0 are 
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Temperature conditions can be divided into two forms depending on which model is used to describe the behavior in the droplet.
Model 1. Infinite Conductivity Model (I.C.M.)
This model treats liquid-phase conductivity as infinite, so there is no temperature gradient within the droplet. Temperature in the droplet is thus spatially uniform but variant with time, and can be represented by the surface temperature. The temperature boundary condition of this model is
The first term in the right hand side is energy absorption rate by the droplet, the second term is latent heat and energy required for fuel vapor evaporating and leaving the surface.
The heat penetrating through the droplet surface conducts into the droplet center with a finite conduction rate, thus a temperature gradient exists in the droplet. The boundary condition becomes
The thermal absorption is replaced by a conduction heat flux induced by the temperature gradient in the fuel droplet. A liquid-phase conduction equation has to be solved for the temperature distribution in the droplet. 
where po is the saturation pressure at surface temperature To .
The boundary conditions at the ambient, r -* oo, which indicates the radial distance is 50 times of droplet radius far away,have two forms depended on whether there is fuel vapor in the surroundings initially. For the non-fuel-vapor case, the environmental state is not affected by the existance of the fuel droplet, hence
If a small amount of residual fuel vapor exists in the surroundings at beginning, then this fuel vapor might react with the oxidizer before fuel droplet evaporation. Thus there exists a uniform reaction far from the droplet, and a zero firstgradient condition is assumed.
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An one-step, irreversible reaction VF F + vo 0 --> vp P is assumed and the frequence factor C1 is regarded as a constant irrelevant with temperature. Hence the chemical reaction rate w becomes
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The fuel is chosen to be n-Heptane (C7H IG ) in this study, and n-Heptane burning in air follows the reaction formula:
Inert gas nitrogen N2 is also concerned in reaction to include the heat absorption effect.
Selection of a proper ignition criterion is probably the most controversial issue in ignition study. There has been no universally acceptable definition. Researchers performing their investigations experimentally might examine the first appearance of flame recorded in high-speed motion pictures. On the other hand, ignition criterion commonly used in theoretical studies might be the critical ignition temperature.
The ignition criterion used here is based on the concept that the ignition occurs when the rate of variation of the maximum gas-phase temperature approaches a low value, signifying the attainment of a near-steady-state condition. The incidence of ignition is identified with the first appearance of an inflection point on the curve of maximum gas-phase temperature versus time. This means that the temperature-time derivative, which is initially increasing, switches to a decreasing value, and is followed by a near steady burning. Thus, the condition
is applied to identify the ignition process. As pointed out by Cray and Sherrington (1977) this criterion was physically reasonable and it was successfully used by Niioka (1980) and Rah et al. (1986) .
NUMERICAL ANALYSIS
Numerical method is chosen instead of analytical method for its feasibility of dealing with nonlinear P.D.E. and of performing complete parametric study. As studying this subject numerically, people encounter some numerical problems such as time marching problem due to the unsteady nature of droplet combustion, moving boundary problem caused by droplet regression as the droplet evaporates, and grid resolution problem for accurately resolving the steep temperature gradient induced by locally intense exothermic reaction.
A numerical scheme named ICED-ALE is utilized to solve these problems. In fact, ICED-ALE is a combination of two numerical schemes, they are ICE (Implicit-ContinuousEulerian) method and ALE (Arbitrary-Lagrangian-Eulerian) method (Harlow and Amsden, 1971 ; Hirt et al., 1974) . In a time advanced cycle, temporal difference is calculated by the use of ICE scheme and spatial difference is performed by ALE scheme. The ALE provides the capibility of dictating the boundary grid following the boundary motion and bundling the grids where high resolution is demanded. The spatial difference is divided into two phases. Firstly, in Lagrangian phase, all the grids move in accordance with the flow thus convective effect is eliminated. After that, in rezone phase, the grid system is reconstructed as what we like, convective effect is induced for the relative motion of the grid to the flow field. The overall computation process is shown in Fig. 2 graphically. The ICE is a partially implicit method which treats pressure force implicitly, thus eliminates the Courant's stability restriction. Stability restrictions arise from the explicit treatment of viscous force and mass exchange in the rezone phase. The distance over which momentum can diffuse in a time step should be less than one grid width for the explicit calculation of viscous effect. Restriction of the time step suggested by Hirt et al. (1974) is
for all grids (26)
The convective stability restriction in the rezone phase is caused by the implicit assumption of mass exchange only between neighboring cells or vertices. Thus it sets this restriction:
St < Sr for all grids (27)
where u -u 9 is the relative velocity between flow and grid motions. The mass consumption restriction on time step is released by the prescriptions offered by Cloutman et al. (1979) . For a normal computation case, a droplet of radius 0.6 mm is exposed at the environment of 950 K in temperature and 1 atmosphere in pressure. If the computation time step is taken as 10 1Ls and the adjustable grid size is 0.3 mm, the CPU time for a droplet ignition calculation will take about 2 minutes. However, it will take much more computation time as examining the condition near the ignitable limit, which is due to the difficult ignition environment. 
RESULTS AND DISCUSSIONS
In the pre-ignition period of a droplet's life time, the droplet experiences a heat-absorbing evaporation process. Classical d2-law assumes a droplet remaining at its wet-bulb temperature and gives the linear relation between the square of droplet diameter and time: d2 = do-/3 t. Evaporation coefficient ,Q" is calculated and the comparison of evaporation results of d2 -law with the present models is given in Fig. 3 , where Tso, Rso, Pamb, and Tamb represent initial surface temperature, initial droplet radius, ambient pressure, and ambient temperature respectively, since the d2 -law neglects the initial transient droplet heating, the droplet vaporizes faster than the other two models and it serves as an asymptotic limit for the other two models because the d2 -law is the steady state of them. After a certain period, an n-Heptane droplet evaporates and burns, and thus releases a large amount of chemical energy and raises the gas-phase temperature which is equiva lent to the new environment temperature of the droplet. An abrupt temperature increases associated with chemical reaction raises the droplet surface temperature and enhances the vaporization rate. Test case in Fig. 4 is an n-Heptane droplet whose temperature is lower than the wet-bulb temperature initially. The surface temperature experiences a two-stage raising. Notice that after the abrupt rise of surface temperature, in both Infinite Conductivity Model (I.C.M.) and Conduction Limit Model (C.L.M. ), surface temperatures approach to a new steady-state value. This is because the droplet combustion has reached its steady state and formed a nearly constant temperature and self-sustained flame surface whose temperature is about the stoichiomet- combustion is shown graphically in Fig. 6 . After the instant of ignition, the fuel vapor reacts intensely with the oxidizer and builds a finite thickness fame front at more or less 10 times of R0 , (t= 0 ). Since the chemical reaction rate is finite, a small amount of oxidizer still has chance to penetrate into the flame front so as the fuel vapor does.
Two subjects are important in the ignition study: ingition (delay) time, and ignitable limit. The former one indicates the instant that chemical reaction occurs intensely after the droplet is introduced in the hot oxidizing environment and the latter one is the limit condition for the droplet can still ignite, such as the smallest droplet size, the lowest ambient temperature and the leanest oxygen concentration etc. . Fig. 7 shows the effect of droplet size on the ignition time. The symbol "+" denotes the experimental data measured by Faeth and Olson[20] . The I.C.M. predicts a longer ignition time than C.L.M. does, since the I.C.M. surface temperature is lower than the C.L.M. value in this droplet temperature condition (see Fig.4 ). This effect decelerates the evaporation rate of fuel vapor and reduces the reaction capability. Generally speaking, ignition time increases with increasing droplet size and the calculated ignition time exhibits satisfactory agreement with the measured data. However, the ignition time increases as the droplet size decreases near the ignitble limit region, which is the smallest droplet size permitting ignition, and only evaporation occurs when droplets are smaller than this size. This type of ignition behavior near ignitable limit has been also observd experimentally by Faeth and Olson (1968) and Satoh et al. (1982) . A dual-period concept of ignition time states that ignition time is composed of droplet heating time and chemical reaction time.
tig = theat + tchem (28)
Droplet heating time theat can be analogous to the energy absorbed by the droplet before ignition as shown in Fig. 8 . This time scale decays as the droplet size decreases. However, the chemistry time becomes longer and dominant in the ignition process near the ignitable limit. It can be seen from mass evaporation rate per unit droplet area G f. .6
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Tso [l:] Pamb [atm] phase models predict nearly the same ignitable limit. Fig. 9 summarizes the effects of droplet size on ignition time with different ambient temperatures. The increase of droplet temperature will reduce the droplet heating time and speed up the ignition. Fig. 10 and Fig. 11 show this effect graphically. At least 25% of ignition time is saved as the droplet temperature raises from 290K to 330K. The I.C.M. curves and C.L.M. curves intersect each other at about 330K which is about the wet-bulb temperature. Below this temperature, I.C.M. needs more absorption energy to raise the surface temperature and predicts a longer ignition time. The discrepancy between these two models becomes small as a droplet radius decrease, for example R3 ( j=0 ) = 0.03 cm in Fig. 11 . This is because the droplet heating time which is related to the liquid phase model gives little contribution to the ignition time. dicts a little longer than C.L.M. does and the discrepancy grows as the environment getting hotter. This is because a higher thermal potential is offered in hotter environment and the distinction between I.C.M. and C.L.M. is enlarged. Based on the same concept, C.L.M. predicts better results than I.C.M. does at higher ambient temperature. Fig. 13 shows the summary of ambient temperature effect. One can see that the larger droplet size permits a lower ignitable ambient temperature. It has been mentioned that ignitable limit falls in the kinetics-controlled region. Besides, a larger droplet indicates a lower mass diffusion rate (see Eq. (29)) and thus causes a relatively higher chemical reaction rate since the ignition is a counterbalance process between mass diffusion process and chemical reaction process.
Higher ambient pressure increases the concentration of reactants, and thus enchances the reaction rate. As shown in Fig. 14, ignition time decreases with the increase of ambient pressure. It is also observed that larger droplets permit lower ignitable ambient pressure and the reason for this is just the same as in the discussion of variant ambient temperature case. An extreme case shows that for a droplet of radius of 0.05 cm, the ignition delay time is saved 50% from 1.3 sec to 0.65 sec by a pressure raise from 0.5 atm to 1.0 atm.
Oxygen concentration is an important factor in combustion process, it affects the completeness of reaction and efficiency of combustion and naturally has influence on ignition time. In Fig. 15 , ignition is accelerated for a higher oxygen concentration. It means that the chemical reaction time stands a small portion of ignition time, thus droplet-heating plays a more important role. For this reason, the droplet size effect becomes distinct as oxygen goes richer. When the oxygen concentration is lower than a critical value, the droplet evaporates and no longer combustion takes place. This is the ignitable limit on oxygen concentration. Again, one finds that the a larger droplet can still sustain its combustion even in the weaker oxygen concentration environment.
Droplets in spray might meet an environment with a small amount of fuel vapor. How does the fuel vapor affect every single droplet's behavior? If the amount of fuel vapor is high enough, there is a fuel-air mixture essentially, and the combustion type becomes a premixed flame rather than a diffusion flame. In Fig. 16 , ignition time as a function of fuel vapor concentration is shown for droplet radius of 0.07 cm, 0.05 cm and 0.03 cm respectively. It is found that small amount of fuel vapor in the ambient will reduce the ignition time. These curves intersect with each other as the fuel vapor is stronger than 0.5%. This is because the droplet's variation has no influence on the ignition process in this premixed fuel-air mixture. Hence, by adding a small amount of fuel vapor (below 0.5%) will reduce the effect of droplet size on ignition. On the other hand, it is also found that ignition time increases when the molar fraction of fuel vapor is larger than 2%. From the premixed laminar flame theory, the peak of reaction rate occurs at stoichiometric or slightly fuel-rich mixture, and the stoichiometric molar fraction of n-Heptane fuel burning in air is about 1.87%. Therefore, a longer ignition time is predicted for a fuel-too-rich mixture.
CONCLUSIONS
There are many ignition criteria available for the study of ignition problems, but some of them are somewhat empirical and cumbersome. The inflection point of the curve of maximum gas-phase temperature versus time is an easily identified and experimentally independent ignition criterion. The C.L.M. is recommended while the droplet is in the droplet-heating controlled region. In other words, if the chemical-reaction time is comparably smaller than the droplet-heating time, one should apply the more accurate liquid-phase model to predict the ignition delay time, such as a large temperature difference between the environment and the droplet, a large droplet size, and a large discrepancy of the droplet temperature to its wet-bulb temperature, etc. Basically, smaller droplets can ignite easier and faster than larger droplets if the droplet-heating process plays a dominant role in the ignition period. However, when a droplet size is smaller than a critical value near the ignitable limit , the small droplet may generate a very high diffusion rate of fuel concentrations and will relatively reduce the chemical reaction ability. Therefore, under this circumstance, the chemical reaction process becomes important and will affect the ignition time during the ignition period. Adding a small amount of fuel vapor in the fuel-air mixture before it becomes fuel rich could reduce the droplet size effect and shorten the ignition delay time. This characteristics is usually applied to real combustors, for instance, fine cloud of droplets is injected into the combustors to provide sufficient amount of fuel vapor and give a profitable combustion condition.
